INTRODUCTION
Undulations are common in marine sediments in diverse settings (e.g., Flood et al., 1993; Gardner et al., 1999; Lee et al., 2002) , but their origin remains controversial. They have been attributed to a spectrum of sedimentary, tectonic, and/or gravitational processes, which themselves are functions of sedimentation rate, supply, and lithology, as well as slope gradient, the presence of fl uids, sea-level change, bottom currents, and tectonics. Correctly pinpointing the origin of undulations is essential for unraveling the oceanographic, sedimentary, and tectonic evolution of basins and margins and for assessing geohazards related to slope stability.
Sediment waves can be created by turbidity currents and/or bottom currents (see Wynn and Stow, 2002 , for a review). Turbidite fl ows generate waves on slopes <~1° whose crests generally parallel bathymetric contours; they are usually tied to discrete regions of sediment input. Bottom currents generate waves oriented orthogonally to currents in regions of fl at topography or at angles oblique to both the current direction and slope when formed in regions with bathymetric relief (e.g., Flood et al., 1993) . Waves from both mechanisms have wavelengths of hundreds to thousands of meters, and heights of tens to hundreds of meters (Wynn and Stow, 2002) . Beds are often thicker and coarser-grained on the upslope/upcurrent limbs of waves, such that they appear to migrate upslope/upcurrent (Wynn and Stow, 2002; Berndt et al., 2006) . Other characteristics include (1) continuity of refl ections (i.e., no faults) between waves (Lee et al., 2002) , (2) lack of tilting following deposition (Schwehr et al., 2007) , and (3) the inability to palinspastically reconstruct waves (Holbrook et al., 2002) .
Gravity-driven downslope collapse or creep is an alternative mechanism for explaining the undulations (Gardner et al., 1999; Lee and Chough, 2001 ). Here we defi ne creep as slow gravity-driven downslope motion and deformation. Sediments deposited on slopes can become unstable depending on the slope angle, sedimentation rate and lithology, pore-pressure profi le, or other interrelated factors (Sultan et al., 2004) . Previous studies suggest that downslope motion occurs by the development of shear planes along or across stratigraphic boundaries (Gardner et al., 1999) and can occur by either geologically instantaneous slumping, creep, or a combination thereof (Lee and Chough, 2001 ).
Here we combine constraints on the orientation and spatial distribution of undulations in the Sea of Marmara, Turkey, from swath bathymetry data ) with constraints on their internal structure and temporal development from new multichannel seismic (MCS) data to decipher the processes that contributed to their formation and evolution.
TECTONICS AND STRATIGRAPHY IN MARMARA
The 150-km-long North Anatolian continental transform fault accounts for the westward motion of the Anatolian platelet relative to Eurasia at 25 mm/yr (Reilinger et al., 2006) . This motion is primarily accommodated by recurrent large earthquakes that absorb meters of slip over tens to hundreds of kilometers of the fault (Ambraseys and Finkel, 1995) . The Sea of Marmara is a tectonically active basin along the North Anatolian fault where it splinters into multiple strands in northwestern Turkey (Fig. 1A ). This trough comprises three main basins (west to east: Tekirdağ, Central, and Çınarcık basins), with water depths up to 1300 m, separated by intrabasinal basement ridges (the Central and Western Highs) (Fig. 1A) . Stratigraphy demonstrates that basin deepening is outpacing sedimentation, and that tilting of the margins of the basin and the intrabasinal submarine ridges is ongoing (e.g., Seeber et al., 2006) .
Fresh submarine scarps, folds, recent landslides, and other shallow structures in Marmara attest to the interplay of active tectonic and sedimentary processes (e.g., Armijo et al., 2005) . The 1999 earthquake triggered rapid mass movements and gas/fl uid release and/or remobilization in the Gulf of Izmit (Kuşçu et al., 2005; Cormier et al., 2006) . Catastrophic slope failure also occurs elsewhere in Marmara (e.g., in east Çınarcık and west Tekirdağ basins; Gazioğlu et al., 2005) (Fig. 1B) , particularly in areas where subsidence and uplift are most rapid (e.g., Seeber et al., 2004) . Slides comprise tilted blocks above clear décollements and headwalls with dips >~15°.
DATA ACQUISITION AND PROCESSING
The Turkish-American Marmara Multichannel (TAMAM) project acquired >3000 km of high-resolution MCS refl ection and chirp data in July 2008 and June 2010 aboard the R/V K. Piri Reis, which is operated by Dokuz Eylül University (Izmir, Turkey) (Fig. 1A) . MCS data were acquired on a 450 m streamer in 2008, and on a 700 m or 1500 m streamer in 2010. The common midpoint (CMP) spacing was 3.125 m, streamer depth was 3-4 m, and 
OBSERVATIONS
Bathymetry and MCS data reveal a spectrum of features in the shallow sediments (~1 km), including two classes of undulations on the basin margins and the fl anks of basement highs (Figs. 1B and 2; see the GSA Data Repository 1 ). One set is clearly formed by geologically instantaneous slope failure (see Fig. DR6 in the Data Repository). The second class is characterized by gradual long-term development and is the focus of this study.
The dominant wavelength of most features is ~0.5-1 km, although they range from as small as ~0.2 km to as large as ~1.5-2 km. They are often asymmetric, with downslope limbs steeper than upslope limbs and compressed sedimentary sections on the downslope limbs. Undulation amplitude usually increases with depth in the upper sedimentary section from ~20 m near the seafl oor to up to ~150-200 m at depth. Correspondingly, the dips of the limbs also increase with depth from ~5°-10° near the seafl oor to as high as ~30°-40° at depth (Fig. 2) .
Individual undulations appear to be separated by shear surfaces on some profi les (Fig. 2B  inset) , although elsewhere, horizons can be traced continuously between features ( Fig. 2A  inset) . Shear surfaces appear to form along tilted stratigraphic layers and have typical dips of ~30°-40°. In most cases, a sharp basal decoupling surface is not observed.
The upslope limbs exhibit larger bed thickness and fanning of strata, indicating that tilt and accommodation space grow at the rate that sediment accumulates. Undulations grew for >0.5 m.y., according to the internal stratigraphy of the undulations and an age model based on a stack of lowstand deltas in Imrali basin (Figs. 1A and 2A) (Sorlien et al., 2012) . Stratigraphic growth within the youngest sediments on some undulations demonstrates that they continue to be active, while a drape on others implies they may be inactive.
Domains with active undulations are spectacularly revealed in maps of maximum seafl oor slope, where they manifest as anastomosing lines of relatively high slope (Figs. 1B and 1C; see the Data Repository fi gures). Active undulations are identifi ed in Marmara in nearly every sedimented region with a slope of ~3°-10° ( Fig. 1B ; see the Data Repository fi gures). Undulations have a wide range of orientations and commonly exhibit relatively sharp changes in strike (Fig. 1C) . Highly variable orientations correlate directly with bathymetric contours. Undulations are conspicuously missing from areas with well-developed canyons or on slopes <3° or >10° (Fig. 1B) . 
INTERPRETATION AND DISCUSSION
Undulations were recognized in the sediments of the Sea of Marmara from older, lowerresolution data sets, and interpreted either as compressional folds (e.g., Okay et al., 1999) or as sedimentary features formed from bottom currents (e.g., İmren et al., 2001 ). Here we argue that gravity-driven downslope creep augmented by sedimentation best explains the formation of these features.
The diversity of orientations of the undulations, their parallelism with bathymetric contours, and the absence of a systematic relationship to features in any structural model clearly excludes tectonic shortening as an explanation.
A purely depositional origin can also be excluded by the characteristics of the undulations and by the oceanography in the Sea of Marmara. Where currents interact with seafl oor topography, sediment waves are expected to be oblique to bathymetric contours and current direction (Flood et al., 1993) , and this is not observed; they consistently parallel bathymetric contours throughout the basin. Their locations are also not related to any particular sediment source, as would be expected for turbidity current waves (e.g., Wynn and Stow, 2002) . Although the wavelengths of the Marmara undulations are similar to those of sediment waves, the dips between and within these features are signifi cantly steeper (~30°-40°) than those for well-studied sediment waves, which are typically 2°-8° (Gardner et al., 1999; Berndt et al., 2006) . Finally, the observed increases in undulation amplitude with depth are diffi cult to explain by deposition alone. Further rotation and/or steepening of sediment layers should not occur following deposition if they are sedimentary features (Schwehr et al., 2007) .
Furthermore, bottom currents in the Sea of Marmara may be too weak to promote sediment waves by deposition alone. Two-layer fl ow is driven by low-salinity (20‰) water coming from the Black Sea via the Bosphorus strait, and by denser saline (~39‰) water of the Mediterranean coming via the Dardanelles strait, resulting in a dominant west-to-east bottom current (Beşiktepe et al., 1994) . Incoming Mediterranean waters are generally warmer and lighter than water in the deep basins of Marmara (1300 m), and they thus intrude the water around the pycnocline (~25 m) (Beşiktepe et al., 1994) . Deep water is only formed during the winter. Bottom currents are also modulated by basement topography. For both of these reasons, bottom currents are sluggish, particularly in eastern Marmara (<0.05 m/s) (Beşiktepe et al., 1994) . Low concentrations of dissolved oxygen in sediments from the deep basins provide additional evidence for low circulation. Together, the characteristics of the undulations and the oceanography of Marmara exclude a purely depositional origin.
We propose that downslope creep is the dominant process controlling the formation of undulations, which we term creep folds (Fig. 3) . The steep dips of fold limbs are consistent with a deformational origin. Increases in fold amplitude with depth could be the consequence of continued creep in an area of ongoing sedimentation, where deeper older sediments experience more cumulative folding.
The fact that some folds appear to be separated by shear planes while others are not (Fig. 2) indicates that a spectrum of deformational styles accommodate creep. Folding accommodates deformation until failure occurs parallel to bedding planes (Fig. 3D) . Folding may also involve thickening and thinning of sedimentary layers themselves by extension and contraction (Figs. 2  and 3B ). In some regions of creep, the mode of deformation changes from folding to faulting along strike (e.g., southern Çınarcık basin; see the Data Repository fi gures). Additionally, it is likely that shear is more prevalent than can be identifi ed in seismic sections since it will occur preferentially along bedding planes, and offsets may frequently be small.
Even though downslope creep is the dominant process forming the Marmara folds, stratigraphic growth on their upslope fl anks implies that deposition also enhances their evolution. The subtle seafl oor ridges created by creep folding modulate sedimentation, enhancing deposition on the upslope fl anks (Fig. 3) . Sedimentation rate is high enough and downslope creep is slow enough that fold evolution is recorded as stratigraphic growth.
Creep is likely controlled by slope and the strength of the sediment, which can be strongly infl uenced by pore-fl uid pressure (e.g., Gardner et al., 1999) . High rates of fi ne-grained sedimentation can promote undercompaction and pore-fl uid overpressure in marine sediments (e.g., Swarbrick and Osborne, 1998) ; overpressure is common in many basins and continental margins, even at shallow burial depths (hundreds of meters) (Gordon and Flemings, 1998) . Elevated pore pressure reduces the effective stress and could result in weak intervals within the sedimentary section along which downslope failure could more readily occur (Figs. 3A and  3B ). The pore-pressure profi le is expected to change through time and over small distances (~1 km) in response to variations in sedimentation rate and lithology, deformation, compaction, and fl uid escape (Fig. 3C ) (e.g., Gordon and Flemings, 1998) . As a result, the strength profi le will also change through time, such that a single dominant decoupling surface may never develop, and the size and geometry of folds can thus vary through the section.
Variations in pore-fl uid content and sediment lithology may also promote instability. Studies focused on the North Anatolian fault have documented the presence of thermogenic and biogenic gas in Marmara sediments (Géli et al., 2008) . The Sea of Marmara has experienced periods of isolation and other dramatic paleoceanographic variations, which could result in variations in sediment lithology (Çağatay et al., 2000) . Finally, submarine creep may be triggered by earthquakes, as is observed for catastrophic landslides (Sultan et al., 2004) and onshore creep (Sleep, 2011) .
The recognition of widespread creep in the Sea of Marmara is signifi cant regionally and globally. Many transform and extensional basins are underfi lled in their early stages when sediment supply cannot keep up with a rapidly expanding basin (e.g., Schlische and Olsen, 1990) . Slow downslope creep and folding owing to ongoing tectonic tilting and sedimentation may be common in such situations. Correctly identifying these undulations as creep folds (rather than sediment waves or tectonic deformation) is essential for understanding the tectonic and oceanographic evolution of these settings.
The orientation and slope of the fl anks of the Sea of Marmara and other active basins are controlled by tectonics; thus, the creep folds provide a record of tectonic evolution. In several areas in Marmara, folds vary through the section in wavelength, amplitude, orientation, and the time span over which they were active. This evolution offers constraints on the chronology of rotation and tilting. Creep folds are also offset by active faults, providing a reference point for reconstructing fault offsets. Similar features recognized in other basins and margins might also have the potential to provide novel constraints on tectonics (e.g., Adriatic Sea [Cattaneo et al., 2004] and in active basins in the western Pacifi c [Lee and Chough, 2001] ). The loss of gravitational potential in the Sea of Marmara and elsewhere by creep may also diminish hazards associated with catastrophic collapse.
CONCLUSIONS
Swath bathymetry and new high-resolution MCS data reveal widespread undulations in sediments within the Sea of Marmara. They occur on every sedimented region with a slope of ~3°-10° except those cut by canyons. Remarkable parallelism of undulation crests with bathymetric contours, steep dips of fold limbs, increasing amplitudes of the folds with depth, and slow long-term growth (>0.5 m.y.) point to downslope creep as the dominant mechanism for their formation. Creep is augmented by deposition. This combination of collapse and deposition may be common globally. Distinguishing between different mechanisms for the growth and evolution of features in marine sediments is important for understanding the tectonic and oceanographic evolution of basins and margins as well as assessing geohazards associated with slope stability in these settings.
